We present simple algorithmic Feynman rules for fermion-number-violating interactions. They do not involve explicit charge-conjugation matrices and resemble closely the familiar rules for Dirac fermions. We insist on a fermion flow through the graphs along fermion lines and get the correct relative signs between different interfering Feynman graphs as in the case of Dirac fermions. We only need the familiar Dirac propagator and less vertices than in the usual treatment of fermion-number-violating interactions.
Introduction
Besides the electroweak standard model, its supersymmetric extension has gained a lot of interest. There already exist a large number of tree-level calculations within the supersymmetric standard model and recently the first one-loop corrections have been evaluated. In contrast with the electroweak standard model, supersymmetric theories involve interactions that violate the fermion number.
For such theories, there exist up to now no convincing Feynman rules that treat fermions in a simple and unique way. The problem becomes most evident for Majorana fermions. Their self-conjugacy allows for a variety of different contractions, which acquire different signs originating from the anticommutativity of fermionic operators. As a consequence the Relative Sign of Interfering Feynman graphs (RSIF) has to be determined very carefully. Therefore many authors prefer to use the Wick theorem for practical calculations in particular for the determination of the RSIF.
Feynman rules for Majorana fermions were given in Refs. [1, 2] . They involve vertices and propagators with clashing arrows. This is reflected by the appearance of the chargeconjugation matrix in the Feynman rules for vertices and propagators. All Feynman graphs are constructed as usual from the available couplings. Majorana propagators are assigned arbitrary directions. Applying the Feynman rules for vertices and propagators, one ends up with Dirac chains involving Dirac matrices, transposed Dirac matrices, and charge-conjugation matrices. In this approach the RSIF cannot be read off the graphs, but has to be determined independently from the Wick contractions. We refer to this as the conventional Feynman rules for Majorana fermions.
In Ref. [3] a first simplification of the Feynman rules for Majorana fermions has been achieved. The number of propagators and vertices has been reduced, and only the vertices without charge-conjugation matrix and the conventional fermion propagator are left. In addition, a recipe for the determination of the RSIF has been given. However, this recipe seems ad hoc and non-transparent and it is not immediately evident that it yields the correct signs in all cases.
The conventional method to find the RSIF by determining the permutation of the external fermions was used in a recent work [4] . There the vertices are given only with external spinors from which the propagators have to be constructed. To obtain the usual analytic expression in terms of propagators and vertices, several algebraic manipulations have to be performed. This seems to be unnecessarily complicated and pretty far away from the familiar way of translating Feynman graphs into analytical expressions, with Feynman rules for propagators and vertices.
We suggest Feynman rules which are very close to the rules for Dirac fermions, but are valid for all theories with fermion-number violation, in particular for Majorana fermions. We follow the idea described in Ref. [3] of maintaining a continuous fermion flow. This forces one to introduce two analytical expressions for each vertex, one for fermion flow parallel and one for fermion flow antiparallel to the flow of fermion number. However, keeping track of the anticommutativity of fermionic operators, we derive Feynman rules for the reversed fermion flow which have signs different from those given in Ref. [3] . As a consequence we only need the well-known propagators for Dirac fermions, we need less vertices than in the conventional treatment, and the RSIF is determined from the permu-tation of the external fermions as usual. Moreover, our Feynman rules naturally apply to theories containing explicit charge-conjugate fermion fields, which were not considered in Refs. [3, 4] .
Our set of rules is strictly algorithmic and can easily be implemented into a symbolic Feynman graph and amplitude generator. In fact it has been developed in order to incorporate the supersymmetric standard model into the program FeynArts [5] .
The paper is organized as follows: In section 2 we introduce a generic Lagrangian with Majorana and Dirac fermions. Based on the Wick contraction formalism we review the origin of the ordinary Feynman rules for Dirac fermions and generalize these to processes involving Majorana fields. In section 3 we illustrate our procedure by giving four examples and compare them with earlier methods. The generalization to theories containing explicit charge-conjugate fermion fields is presented in section 4.
Feynman rules for general fermionic interactions

Lagrangian
We consider the generic Lagrangian L for Majorana fields λ and Dirac fields ψ as given in Ref. [2] augmented by a pure Dirac interaction term: In order to introduce our Feynman rules, we derive the analytic expression for a certain Feynman graph with fermionic interactions 1 . To this Feynman graph uniquely correspond certain equivalent sets of contractions of the matrix element
are the creation operators of fermions and antifermions, respectively, and b i , d i the corresponding annihilation operators. The index i summarizes momentum p i , spin s i and possibly further quantum numbers. The field χ stands for both Majorana and Dirac fields, and Γ denotes a generic fermionic interaction including Dirac matrices, coupling constants and the boson fields, e.g.
for Dirac fermions. Our aim is to reorder the operators (2.2) for a given set of contractions such that the Feynman rules can be read off directly. In particular, we keep track of the signs resulting from the anticommutativity of the fermion fields: interchanging two single fermionic operators yields a minus sign, reordering of the interaction Lagrangians does not.
Dirac fields
We first review the derivation for usual Dirac fermions. By reordering the interaction Lagrangians and the annihilation and creation operators of the external particles, each contribution to the matrix element (2.2) can be brought into the form 
the internal propagator reads
where the propagating field ψ carries a momentum p. The contractions with the external operators are obtained as
In order to apply (2.6) and (2.7), we have to exchange the operators of the contractions
as well as the first and the last field operator of the closed fermion chain in (2.4), leading to an additional minus sign for each of these contractions. Using (2.6) and (2.7) the analytic expression in momentum space is obtained directly from (2.4) as products and traces of coupling and propagator matrices and spinors. Their order in the multiplication is naturally given as opposite to the fermion number flow.
The RSIF is easily determined as follows: Each contributing graph gets the sign (−1) P +L+V , where
(1) P is the parity of the permutation of external spinors with respect to some reference order,
(2) L is the number of closed fermion loops, and (3) V is the number of spinors v and v.
The factor (−1) V is universal for all graphs of a process and can therefore be omitted consistently. 
General fermion fields
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It is, however, possible to reverse the interaction Lagrangian χΓχ by introducing the charge-conjugate fields
The charge-conjugation matrix C fulfils
(no summation over i), with
From (2.9) and (2.10) we obtain 
−→ CS
where the field χ is carrying momentum p, i.e. χ carries momentum −p. Using (2.9) and the relations
we get the explicit representation of the charge-conjugate fields from (2.5):
(2.17)
So the contractions between charge-conjugate fields and external operators in (2.14) yield Of course both representations must yield the same analytic expression. To see this we insert our Feynman rules and arrive at:
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Note that the factor (−1) in (2.20b) and (2.21b) is due to the exchange of the external fermionic operators or spinors, respectively. Using (2.13), (2.15) and (2.16) we find 
Formulation of the Feynman rules
Now we can summarize our Feynman rules: Fermions are denoted by solid lines. For Dirac fermions, each line carries an arrow which indicates the fermion number flow. Majorana lines do not carry arrows.
The fermionic vertices are read off from the Lagrangian as usual, but for every vertex containing Dirac fermions we need two expressions, the direct one (Γ from χΓχ) and the reversed one (Γ from χΓ χ) (see Fig. 2.1) . For a pure Majorana fermion vertex there is only one expression because Γ = Γ .
For Dirac fermions there exists the usual propagator S(p) and the reversed one S (p) = S(−p) as well the usual spinors and their reversed counterparts. For Majorana fermions there are only the usual propagator and spinors and no reversed ones (see Figs. 2.2 and 2.3). Note that with respect to the fermion flow the reversed propagator and spinors equal the usual ones and there is only one propagator and the usual spinors 3 . From these ingredients the Feynman amplitudes are obtained as follows:
• Draw all possible Feynman diagrams for a given process.
• Fix an arbitrary orientation (fermion flow) for each fermion chain. • Start at an external leg (for closed loops at some arbitrary propagator) and write down the Dirac matrices proceeding opposite to the chosen orientation (fermion flow) through the chain.
iS(p) iS(−p) iS(p)
• For each internal propagator, external line and vertex insert the appropriate analytic expression as given in Figs. 2.1, 2.2 and 2.3 corresponding to the chosen fermion flow. This implies that if the orientation is opposite to the flow of fermion number the reversed vertices Γ , propagators S(−p) and spinors have to be taken.
• Multiply by a factor (−1) for every closed loop.
• Multiply by the permutation parity of the spinors in the obtained analytical expression with respect to some reference order.
• As far as the determination of the combinatorial factor is concerned, Majorana fermions behave exactly like real scalar or vector fields. 
Examples
We illustrate the application and universality of our Feynman rules by giving some examples. In order to allow an easy comparison, we discuss the same processes as in earlier papers on Majorana Feynman rules [1] - [4] .
Φ → λψ
We start out with the simple decay of a scalar Φ into a Dirac and a Majorana fermion Φ → λψ, which already suffers from sign ambiguities in the conventional treatment [1, 2] . In our formulation the Feynman graph in Fig. 3 .1a can be read in two different ways, as indicated in Fig. 3.1b and Fig. 3.1c. From Fig. 3 .1b we find
where the reference order of the external fermions has been chosen as (a, b). The opposite orientation ( Fig. 3.1c) yields
where the explicit (−1) comes from the permutation parity of the order (b, a) with respect to the reference order (a, b). The equivalence of (3.1a) and (3.1b) can be easily shown using (2.16) and (2.13)
The authors of Ref. [3] do not deduce the extra (−1) from the exchange of the fermion spinors but include it into their definition of the vertices Γ . Obviously both methods lead to equivalent results for the simple vertex diagram of Fig. 3 .1a. However, for more complicated processes their definition of the vertices cannot resolve all sign ambiguities. Even worse it obscures the graphic determination of the RSIF.
ψψ → ΦΦ
To show this we consider the process depicted in Fig. 3.2 . Using the Feynman rules of In our formulation the sign is determined from the permutation parity of the spinors with respect to a reference order as in the preceeding example 4 . Fixing the reference order as (a, b), we find for the fermion flow indicated in Fig. 3 .2b (3.3a) and for the reversed fermion flow (Fig. 3.2c )
This example demonstrates that in contrast with the Feynman rules in Refs. [1, 2, 3] our rules are independent of the orientation of the internal Majorana lines. In fact we do not even introduce an orientation of those lines but an orientation of whole fermion chains. Evidently our rules are independent of the direction of internal fermion momenta. We note that all sign ambiguities which were left in Ref. [3] are due to the definition of the reversed vertices given there and are naturally, resolved using our definition.
ψψ → Φψλ
In order to illustrate that the RSIF emerges naturally, we consider the diagrams in Fig. 3.3 5 . The corresponding analytical expressions read
where the explicit signs (±1) result from the order of the fermions (a, b, f, g), (f, a, g, b), (f, b, g, a) of the chosen representation of the diagrams, with respect to the reference order 
Loop diagrams
Our Feynman rules given in section 2.4 obviously apply to any order of perturbation theory. We illustrate this by giving the analytical expression for the diagram in Fig. 3 .4:
which is independent of the chosen fermion flow. The explicit factor (−1) originates from the fermion loop. The factor 1/2 is the usual combinatorial factor for identical particles. Note that a combinatorial factor associated with fermions only appears for a loop containing exactly two identical Majorana fermions. Note that the charge-conjugate field ψ cannot be eliminated via field redefinitions such as ψ 3 → ψ 3 without introducing ψ 2 or ψ 1 . In the conventional treatment, these fields are expressed in terms of the original fields and the C matrix using (2.9). This leads to the explicit appearance of the charge-conjugation matrix in the Feynman rules and to difficulties in the determination of the RSIF directly from the graphs. On the other hand interactions with explicit charge-conjugate fields fit naturally in our Feynman rules which in fact introduce ψ. As in section 2 we assign two different analytical expressions to the vertex derived from the last term in (4.1) Equations (4.3a) and (4.3b) are equivalent and formally the same as (3.3a) and (3.3b).
Conclusion
We have given simple algorithmic Feynman rules for Majorana fermions and arbitrary fermion-number-violating interactions resembling closely those for Dirac fermions. They are based on a well-defined fermion flow, involve only the usual Dirac propagator and vertices without explicit charge-conjugation matrices. In our formulation of the Feynman rules all relative sign ambiguities are resolved and the relative sign of interfering Feynman diagrams is determined exactly as in the case of Dirac fermions.
Our rules facilitate practical calculations considerably and can easily be implemented into symbolic Feynman diagram generators.
